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Two percolation transitions are observed in Agx(SnO2)1−x nanogranular films with Ag volume
fraction x ranging from ∼0.2 to ∼0.9. In the vicinity of each percolation threshold xci (i=1, 2), the
variation in σ with x obeys a power law for x>xci. The origin of the first percolation transition
at xc1 (xc1>xc2) is similar to that of the classical one, while the second transition is explained as
originating from the tunneling to the second-nearest neighboring Ag particles. These observations
provide strong experimental support for the validity of current theories concerning tunneling effect
in conductor-insulator nanogranular composites.
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Granular thin films, consisting of immiscible metal par-
ticles and insulating medium (usually amorphous), are
a class of functional materials, and have attracted re-
newed attention during the last decades. The ease of
adjusting metal grain size and the ratio of the metal
to insulator make their electrical, magnetic, optical
properties be tuned facilely. Hence they are not only
potential materials applied in spintronic nanodevices,1
biosensors,2 electrically resetable switches,3,4 recording
media,5 catalysis,6 and antistatic coatings7 but also suit-
able systems in studying mesoscopic physics. In funda-
mental research side, it has been realized that the gran-
ular composites can reveal a series of unusual phenom-
ena, such as giant Hall effect,8–10 giant magnetoresistance
effect,11,12 and superparamagnetism,13 and then produce
new physics that are absent in homogeneous materials.
Recently, great attention has been focussed on the
percolation behavior of granular systems with nanoscale
grain size.15–21 The classical percolation theory on the
transport properties of granular systems is based on the
assumption that the electrons can transmit from one par-
ticle to the others only if they are geometrically con-
nected. Then there exists a specific metal volume fraction
xc (the percolation threshold) below which the conduc-
tivity is zero while above which the conductivity obeys
σ≃σ0(x−xc)
t, where σ0 is a proportionality constant,
t≃2 is a critical exponent.14 Though this scenario appar-
ently neglects the tunneling effect among the metal par-
ticles, the power law of the conductivity has often been
observed experimentally even if the tunneling effect was
involved.15–17 Trying to understand the influence of tun-
neling effect on percolation system, Balberg, Grimaldi,
and co-workers have intensively studied the percolation
behavior of conductor-insulator composites in the frame-
work of global tunneling network (GTN) model, in which
each conducting particle can be connected to all the oth-
ers via tunneling processes.18–21 Their results indicate
that the behavior of the composites being percolationlike
or tunnelinglike (hoppinglike) depends on the microstruc-
ture and the ratio of conducting particle size D to the
tunneling length ξ.18 Particularly, when the microstruc-
ture of the composite systems is similar to that of the lat-
tice model18,22 and D is several times (but greater than
five) or tens times larger than ξ, multiple percolation
thresholds would appear.20 Experimentally, only the Ni-
SiO2 granular system has been reported to exhibit the
trace of multiple percolation thresholds.18,19 Hence the
validity of the predication for multiple percolation transi-
tions still needs to be tested, and the microstructure and
electrical properties of such granular systems deserve to
be investigated systematically.
In this letter, we report our experimental results of
conductivity as functions of temperature and Ag volume
fraction x in Agx(SnO2)1−x (0.2.x.0.9) nanogranular
films. (Ag is immiscible with SnO2, and Ag-SnO2 com-
posites are potential contact materials used in relay.23,24)
It is found that two percolation thresholds appear in se-
quence with decreasing x. The microstructure as well
as the transport mechanism at different x regions is also
discussed.
Ag-SnO2 granular films were deposited on glass sub-
strates at room temperature by a cosputtering method.
An Ag and a SnO2 targets both of 60 mm in diam-
eter were used as the sputtering sources. Details of
the deposition processes were reported elsewhere.10 More
than 40 samples with 0.2.x.0.9 have been fabricated
and characterized. The thicknesses of the films (∼500
nm), were determined by a surface profiler (Dektak,
6 M). The Ag volume fraction x in each sample was
obtained from the energy-dispersive x-ray spectroscopy
analysis. The microstructure of the films was character-
ized by transmission electron microscopy (TEM, Tecnai
G2 F20). The resistivities were measured by a standard
four-probe method in a physical property measurement
system (PPMS-6000, Quantum Design).
Figure 1 shows bright-field TEM images and selected
area electron diffraction (SAED) patterns for four repre-
sentative Agx(SnO2)1−x films with x=0.90, 0.73, 0.58,
and 0.26. For the films with large x [Figs. 1(a) and
1(b)], most of the Ag particles directly connect to oth-
ers. While for the films with relatively small x (x.0.65),
Ag particles (the dark regions in the TEM images) are
2FIG. 1. Bright-field TEM images and SAED patterns (insets)
for Agx(SnO2)1−x films with x values of (a) 0.90, (b) 0.73, (c)
0.58, and (d) 0.26.
embedded in the SnO2 matrix (bright regions), reveal-
ing typical granular characteristics [see Figs. 1(c) and
1(d)]. The sharp and bright diffraction rings in the in-
sets of Figs. 1(a), 1(b), and 1(c) are corresponding to the
diffraction of face-centered cubic Ag. The diffraction of
SnO2 is not present, indicating that SnO2 is amorphous.
For films with x.0.42, Ag particles are also poorly crys-
tallized [see the inset of Fig. 1(d)]. The mean sizes of
Ag grains for films with 0.5.x.0.65 are 7±2 nm, while
they are 5±2 nm for the x<0.42 samples. We note in
passing that a necessary condition for existing multiple
percolation transitions in a granular system is that the
sizes of metal grains are limited in nanoscales.20
Figure 2(a) shows the variation in conductivity σ with
x in double-logarithmic scales at 20, 80, 200, and 300 K,
as indicated. As x increases from ∼0.2 to ∼0.9, the mag-
nitude of σ increases by a factor of nearly 7 (5) orders at
20 K (300 K). At a given temperature, the x dependence
of σ data can be divided into two distinct parts that
are approximately in two different straight lines, and the
boundary between the two parts is around x=0.54±0.04.
The trend is more prominent at higher temperature. As
mentioned above, the classical percolation theory pred-
icates that σ follows a power law with x, thus one can
immediately obtain logσ=logσ0+t log(x−xc). Hence the
fact that the Ag volume fraction x dependence of σ
data are approximately in two distinct straight lines in
axis with double-logarithmic scales strongly suggests that
there are two percolation thresholds in our Ag-SnO2
nanogranular films. Each part of the experimental σ ver-
sus x data is least-squares fitted to σ≃σ0(x−xc)
t, and the
typical results are plotted in double-logarithmic scales in
Figs. 2(b) and 2(c), respectively. The fitting parameters
σ0i, xci, and ti obtained at different temperatures are
listed in Table I, where i=1 and 2 refer to the fitted val-
ues at high and low x parts, respectively. Inspection of
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FIG. 2. (a) Conductivity vs metal volume fraction in double-
logarithmic scales at 300, 200, 80, and 20 K. (b) and (c) Log-
log plots of conductivity versus x−xci [i=1 for (b) and i=2 for
(c)] at the same four temperatures as in (a). The straight solid
lines are least-squares fits to σ=σ0i(x−xci)
ti . For clarity, the
data at 80, 200, and 300 K have been shifted up by multiplying
a factor of 10, 100, and 1000, respectively.
Figs. 2(b) and 2(c) indicates that both parts of the σ-x
data can be well described by the equation σ≃σ0(x−xc)
t.
For the high x part (x&0.55), both the critical parame-
ter t1 and percolation threshold xc1 are almost invariable
with temperature from 300 down to 20 K. The critical
exponent t1≃2.3 is close to that deduced from the 3D
classical percolation theory (tth≃2), and xc1≃0.54±0.02
is similar to that observed in other granular films.9,18,19
While for the low x part (0.2.x.0.5), the critical param-
eter t2 is much greater than the universal value 2 and the
percolation threshold xc2 increases with decreasing tem-
perature (see further remarks below).
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FIG. 3. (a) Normalized resistivity as a function of temper-
ature for Agx(SnO2)1−x films with x=0.59, 0.64, 0.67, 0.73,
and 0.80. (b) d ln σ/d lnT versus T 1/2 for films with x=0.42,
0.48, and 0.52. Inset: an enlarged plot of d ln σ/d lnT versus
T 1/2 for the film with x=0.52.
We detailedly discuss the transport processes related to
3the two percolation transitions now. Figure 3(a) shows
the normalized resistivity as a function of temperature
for five representative films with x>xc1 (x=0.59, 0.64,
0.67, 0.73, and 0.80), as indicated. For x&0.67, the re-
sistivity decreases with decreasing temperature, reaches
its minimum and then slightly increases with further de-
creasing temperature, which is the typical behavior of a
dirty metal. Thus one can readily conclude that the con-
ducting paths are formed by the connected Ag particles
for x&0.67. For samples with 0.54.x.0.65, the temper-
ature coefficients of resistivities are negative at the whole
measuring temperature range, indicating that most of the
direct conducting paths are broken down and the tunnel-
ing effect governs the electrical transport processes at
this regime.25 The enhancement in the magnitude of re-
sistivity with decreasing temperature may relate to the
interparticle electron-electron Coulomb interaction.26–29
Considering the logarithmic derivative w=d lnσ/d lnT
of the conductivity is more sensitive than the temper-
ature coefficient of conductivity dσ/dT and defines a
more accurate and reliable criterion to distinguish be-
tween metallic and insulating behavior,30 we got the log-
arithmic derivative w of the films and presented the rep-
resentative ones in Fig. 3(b), as indicated. Clearly, the
magnitudes of w tend to vanish, be a constant, and be
divergent for the x=0.52, 0.48, and 0.42 films, respec-
tively, as T approaches to zero, indicating that films with
x.0.48 and x&0.52 are insulators and metals in electri-
cal transport properties, respectively. Hence the metal-
insulator transition in Agx(SnO2)1−x granular system oc-
curs at xM-I≃0.5, which is slightly less than (but close
to) the value of xc1 (≃0.54±0.02). The comparability of
xM-I and xc1 confirms the reliability of the percolation
threshold value xc1 obtained from fits to the power law.
TABLE I. Some fitting parameters for Agx(SnO2)1−x
nanogranular films. Here σ0i, xci, and ti (i=1, 2) are defined
in the text, D/ξ is the adjusting parameter in Eq. (1). The
uncertainties are ≈2%, 6%, 20%, and 8% in xc1, t1, xc2, and
t2, respectively.
T σ01 xc1 t1 σ02 xc2 t2 D/ξ
(K) (107 S/m) (105 S/m)
300 5.8 0.55 2.2 1.7 0.13 3.4 7.5
200 6.6 0.55 2.3 2.0 0.14 3.6 8.2
150 7.0 0.54 2.4 2.1 0.14 3.6 8.7
80 7.6 0.54 2.4 2.9 0.16 3.7 10.1
50 7.9 0.54 2.4 3.9 0.18 3.7 11.5
30 8.0 0.55 2.4 5.3 0.21 4.1 13.5
20 8.1 0.54 2.4 9.5 0.22 3.9 15.4
To solve the percolation and tunneling issues in
conductor-insulator composites, Ambrosetti et al.20 con-
sidered two kinds of ideal microstructure within the
GTN consideration: the lattice model and the contin-
uum model.19,20,31 In the lattice case, the conductivity of
the metal-insulator granular composites with large con-
ducting particle size (D/ξ&100) would drop dramatically
and eventually tend to zero with decreasing metal vol-
ume fraction x below the percolation threshold xc, while
it follows a σ0(x−xc)
t law in the x>xc region. This is the
often observed case in metal-insulator granular systems.
However, for composites with nanoscale conducting par-
ticles, the tunneling to the second-nearest neighboring
particles cannot be ignored, then the reduction of con-
ductivity with decreasing x would be punctuated by two
remarkable drops at x=xci (i=1, 2). In the vicinity of xci,
the conductivity obeys the power law, σ=σ0i(x−xci)
ti ,
for x>xci. This is the so-called multiple percolation
thresholds phenomenon. If the tunneling to the nth-
nearest neighboring particles has to be considered, the
number of percolation thresholds would be n. For our
Agx(SnO2)1−x granular films with x<0.42, the mean size
of Ag particles is 5±2 nm and the tunneling length ξ is
less than one nanometer, hence the tunneling effect to
the third-nearest neighboring particles can be safely ig-
nored and only two percolation thresholds may be ob-
served. Combining the experimental observations men-
tioned above, one can see that the lattice model is quite
applicable to our Agx(SnO2)1−x granular films though
it only represents an ideal case of the true system. On
the other hand, when the microstructure of the nanoscale
composites is similar to that of the continuum model, the
conductivity would decrease smoothly with decreasing x
and not obey power law anymore. For composites with
sufficiently small x values, the variation in σ with x can
be written as,20,21
σ(x) = σ′0 exp
(
−1.41
D
ξx1/3
)
, (1)
where σ′0 is a prefactor independent of temperature. For
the nanoscale (but D/ξ>5) conductor-insulator compos-
ites, although the conductivity versus x curve deduced
from the lattice model does not overlap with that from
the continuum model [Eq. (1)], it disperses in a zigzag
course around the curve given by Eq. (1).
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FIG. 4. Normalized conductivity versus x−1/3 at different
temperatures for Agx(SnO2)1−x films (0.21.x.0.48). The
straight solid lines are least-squares fits to Eq. (1).
Figure 4 shows the logarithm of the normalized con-
ductivity as a function of x−1/3 at 300, 200, 80, 20 K
4for Agx(SnO2)1−x films with 0.21.x.0.48. The straight
solid lines are the fitting results of Eq. (1). Clearly, the
experimental data at each temperature are distributed
beside the straight line in a zigzag course. This further
validates the lattice model in our Agx(SnO2)1−x granular
films. The fitting parameter D/ξ is also listed in Table I.
The value of D/ξ decreases with increasing temperature.
Particularly, when temperature increases from 20 to 300
K, the value of D/ξ decreases from ∼15 to ∼7.5. Accord-
ing to Ambrosetti et al.,20 this is exactly in the proper
D/ξ value range to appear multiple percolation transi-
tions. Since the mean size of Ag grains D is insensitive
to temperature between 20 to 300 K, the above observa-
tion also indicates that the tunneling length ξ increases
with increasing temperature. As a result, the value of
the second percolation threshold xc2 increases with de-
creasing temperature. The exponent t2 (≃3.7±0.4) is
much greater than the universal value 2, which can be
obtained within the GTN model by allowing a finite dis-
persion in the distances of the second-nearest neighboring
metal particles.32,33
In summary, we systematically investigated the metal
volume fraction x and temperature dependences of con-
ductivities in a series of Agx(SnO2)1−x nanogranular
films. It is found that two percolation thresholds, xc1
and xc2, are sequently present with decreasing x. In the
vicinity of each percolation threshold xci, the variation
in σ with x obeys σ=σ0i(x−xci)
ti for x>xci. Comparing
with the current tunneling and percolation theories, we
have found that the origin of the first percolation tran-
sition is similar to that of the classical percolation tran-
sition, while the second one is due to the tunneling to
the second-nearest neighboring Ag particles. One reason
for revealing two percolation transitions phenomenon in
our Ag-SnO2 nanogranular films is the comparability be-
tween the microstructure of the films and that of ideal
lattice model, the other is the ideal ratio of mean size of
Ag particles to the tunneling length in SnO2 matrix.
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